Abstract: Cell glutamate-damage induced by overstimulation of ionotropic receptors is initiated by modification of the intracellular Ca 2+ homeostasis and the concomitant activation of Ca 2+ -dependent cysteine proteases, the calpain and caspase families. The resultant cleavage of target molecules mediates a critical function in the execution of the cell death. In this work, we investigated relationships between the activity of calpain and glutamate-or kainate-induced apoptosis in several organs of Xenopus laevis tadpole. Animals (stage 48) were incubated for 3 hours with glutamate (30-120 mM) or kainate (0.015-0.75 mM) and the rise of both apoptosis and calpain was observed in several organs. Our results indicated that glutamate (120 mM) or kainate (0.15 mM) exposure induced cell death with apoptotic features. The toxic effects of drugs into the organs were variable. Apoptosis was probably not the only form of cell death and option of necrosis or apoptosis was depending on the stimulation degree of the receptor, i.e. the receptor type, intensity and time course of molecule exposure. The increase of ubiquitous calpain was not correlated with the peak of apoptosis, suggesting the role of calpain in cell death was complex: calpain and caspase pathways were tightly interrelated in the glutamate-or kainate-induced cell death and the contribution of calpain to another type of death than apoptosis was perhaps preferred.
Introduction
Glutamate (Glu) is an essential occurring amino acid, involved in intermediary metabolism and non-neuronal functions, with a major role as excitatory neurotransmitter in the brain [1] . The varied functions of Glu are dependent on specific interactions with ionotropic and metabotropic glutamate receptors (iGluR and mGluR, respectively). The mGluRs are G-protein coupled receptors and fall into three categories according to their pharmacological sensitivities [2, 3] . The iGluRs possess an intrinsic cationic channel and are divided into three pharmacological types based on their typical agonists: the N-methyl-D-aspartate (NMDA), the α-amino-3-hydroxy-5-methylisoxazole proprionic acid (AMPA) and the kainate (KA) receptors [4] . The non-NMDA receptors (non-NMDAR) control a non-selective cationic channel permeable to Na + and K + , whereas NMDAR are more permeable to Ca 2+ ions than AMPA or KA receptors [5] . Glutamate receptors (GluR) are expressed mainly in the central nervous system, but their distribution has been mentioned in peripheral tissues [6] . The toxic effect of Glu was essentially described in the brain, as "glutamate excitoxicity" characterised by neuronal dysfunction and degeneration [7, 8] . Indeed, an excessive concentration of Glu could result in a constant stimulation of GluR and a deregulation of intracellular calcium homeostasis, mainly through NMDAR activation [9, 10] . Afterwards, the high concentration of Ca 2+ lead up to the activation of several enzymes pathways and signalling cascades, which trigger necrotic or apoptotic cellular death [11] . Calpain family occurs among the downstream targets of glutamatergic transmission [12] [13] [14] . Calpains are a large conserved family of cysteine proteases regulated by calcium, which partly cleave many different substrates (cytoskeletal proteins, phosphatases and kinases, receptors and ion channels), modulating the protein activities [15, 16] . Calpains were demonstrated to be implicated in a wide range of cellular processes -proliferation, cell migration, cell differentiation, or programmed cell death (PCD) -and thus are probably necessary in all the stages of cell life [17] . Calpain 1 and calpain 2 (also known as µ-and m-calpains) are the best characterised conventional calpains. These ubiquitous proteases consist of an 80-kDa catalytic subunit (with approximately 60% sequence homology between them) and a 30-kDa regulatory subunit (identical for both enzymes). In vitro, calpain 1 and calpain 2 are activated by micromolar or millimolar concentrations of Ca 2+ respectively. Calpains exist as inactive proenzymes in the cytosol. An increase in the intracellular Ca 2+ concentration triggered their activation and the processes were strictly calcium dependent [15, [18] [19] [20] [21] . Uncontrolled calpain-mediated proteolysis of substrates was prevented by calpastatin, the specific endogenous intracellular inhibitor [22, 23] . Following an increase of intracellular calcium concentration, calpastatin was released from its association with calpain, allowing calpain activation [24, 25] .
Calpains have been shown to be important mediators of both necrotic and PCD following excitotoxicity [26] [27] [28] . They are implicated in the cleavage of pro-apoptotic and anti-apoptotic proteins (p53, Bcl-2, Bax), depending on the nature of stimuli and cell type [29, 30] . Therefore, the influences of calpains on caspases have been widely shown. Calpains exert a direct proteolysis of caspase-3 and -12, generating several active fragments, while they exert an inhibitory function on the caspase-7, -8 and -9 [31, 32] . Calpains could also be involved in necrotic death [33] . They might contribute to the intracellular Ca 2+ overloading by cleaving the Na + /Ca 2+ exchanger in the plasma membrane and activating cathepsins consequently to their action on lysosomal membrane permeability [34] [35] [36] .
PCD is an essential process required for tissue remodelling during embryonic development; necrosis contributes to eliminate unwanted cells during embryogenesis [37, 38] like PCD [42] . Amphibians and more particularly Xenopus laevis are commonly used to understand the importance of PCD throughout development [39] [40] [41] [42] .
The aim of the present work was to determine the role of calpains in the regulation of PCD observed after Glu or KA applications. Several Xenopus laevis tadpoles were exposed to different concentrations of molecules.
Material and methods
Animals. Sexually mature Xenopus laevis frogs were obtained from the CNRS breeding facility (UPRES A6026, Université de Rennes I, France). Animals were bred in aquaria, with 40 L of dechlorinated tap water, changed every week. The room temperature was 22°C ± 1°C under a 12:12 h light:dark photoperiod. Frogs were fed twice a week with trout feed chopped pellets. Animal manipulation was performed in accordance with the French legislation concerning animal welfare.
Spawning of female X. laevis was induced by injecting 750 IU of human chorionic gonadotropin (HCG, Organon, Oss, Netherlands), into the dorsal lymph sac 10-12 h before egg collection. Eggs were fertilised in vitro with the minced testis of one male. Embryos were fed twice a day with watercress soup and maintained until stage 48. Development stages of Xenopus laevis were determined according to Nieuwkoop and Faber normal table [43] . Eight tadpoles were used for the present study.
Particularly investigated organs were skin and gills that were on direct contact with drugs. Several effects of drugs have been also totally or partially studied on intestine, dorsal muscle, heart and brain in order to show systemic consequences of toxicity.
Toxicity tests. All procedures were conducted under protocols approved by the Ethics Committee for animal research of France. Tests were conducted in 6-well culture plates, each plate containing 4 embryos. Tadpoles were exposed during 3 hours, at 23°C, to serial dilutions in mineral water (Evian) of two molecules: Glu (30 mM, 60 mM, 120 mM) or KA (0.015 mM, 0.15 mM, 0.75 mM). A control group was maintained in pure Evian water. After treatment, all animals were immersed in mineral water for 24 hours, during which time Glu or KA can diffuse throughout the organs. Then, they were anaesthetised with MS222 (Sigma Aldrich, St Louis, MO, USA) and fixed in cold paraformaldehyde (4%). Tadpoles were then totally embedded in paraffin and cut in transversal sections (5 or 7 µm). Two independent experiments were carried out.
Calpain detection. An indirect immunofluorescence method was used to determine the localisation of calpains in tadpoles. The slides were deparaffinised, rehydrated in PBS (0.1 M, pH 7.4), incubated in 1% BSA for 15 min and stained for 1 hour with calpain antibodies. The antibodies used to highlight µ-and m-calpains were directed against human isoforms (mouse monoclonal anti-calpain 1 large subunit MAB3082, at 1:50 dilution, rabbit polyclonal anti-calpain 2 large subunit AB1625, at 1:25 dilution (Chemicon-Millipore, Billerica, MA, USA). Specific recognition of antibodies directed against human calpains for the X. laevis enzymes was previously verified www.fhc.viamedica.pl [44] . After washing three times in PBS, the sections were incubated for 1 hour in room temperature with Alexa 488-conjugated anti-mouse IgG (1:100, Invitrogen-Life Technologies, Carlsbad, CA, USA) or Cy T 3-labelled anti-rabbit IgG (1:100, Chemicon). Negative control by omission of primary antibody was carried out. Slides were observed with a Nikon Eclipse E400 microscope (Nikon, Tokyo, Japan), equipped with epifluorescence optics. The average fluorescence per pixel of each organ was calculated (Nis element Br, Nikon).
PCD visualisation.
The Apostain assay (Eurobio-AbCys, Courtaboeuf, France) was used to stain apoptotic cells on animal sections [45] . Staining with the Apostain kit was performed following the manufacturer's instructions. After deparaffinisation and rehydration, slides were treated with a solution of proteinase K (20 µg/mL) and saponine (0.2 mg/mL) for 20 min at room temperature and heated in formamide (58°C) for 20 min. After heating, they were transferred into ice-cold PBS, treated with 3% H 2 O 2 for 5 min, blocked in 3% non-fat dry milk, then stained with monoclonal antibody Apostain (1 mg/mL in PBS, Eurobio-AbCys, Courtaboeuf, France) and peroxidase-conjugated anti-mouse IgM (1:500 in PBS, Millipore), each treatment for 30 min at room temperature. Diaminobenzidine (DAB) (Roche Diagnostics, Basel, Switzerland) was used as a chromogen and haematoxylin QS (Vector Laboratories, Burlingame, CA, USA) as a counterstain. The number of Apostain-positive cells per square micrometre of organ section was estimated by light microscopy. The Nis element BR software was used.
As a second method, activated caspase 3 was visualised on several sections using an immunohistochemical method. After deparaffinisation and rehydration, slides were incubated with proteinase K (20 µg/mL) and saponine (0.2 mg/ mL). After quenching of endogenous peroxidase with 3% H 2 O 2 for 5 min, the sections were incubated with rabbit polyclonal antibody to cleave caspase 3 (1:50 dilution, Epitomics, Burlingame, CA, USA) for 60 min at room temperature. Immunodetection was performed using biotinylated anti-rabbit IgG and peroxydase-conjugated streptavidin (kit Vectastain Elite ABC Universal, Vector Laboratories) with DAB as the substrate. Slides were counterstained for 1 min with haematoxylin QS (1:4 dilution). For each experiment, control specimens were obtained by omitting incubation with the specific antibodies.
Statistical analysis. All values were expressed as mean ± S.E.M. Data were normally distributed and values obtained were analysed by one-way analysis of variance (ANOVA). A post-hoc analysis was performed using Dunett's test for multiple comparisons. Differences between experimental and control samples were considered significant at P < 0.05.
Results

Effects of Glutamate or kainate treatment on apoptosis
Preliminary experiments were carried out in order to determine the acute lethal toxicity of tested substances. After the toxic exposure, Xenopus laevis tadpoles (stage 48) were checked for mortality or morphological abnormalities; histological observations of organs were realised according to the atlas of Xenopus development [46] . Unlike the highest doses tested, no mortality was observed with exposure in Glu up to 120 mM, or in KA up to 0.75 mM. Several histological visualisation of PCDs and detection of calpain 1 or calpain 2 (immunofluorescence staining) are shown in Figure 1 .
In external organs (skin and gills), a three-hours exposure to 30-120 mM Glu resulted in a concentration-dependent increase of PCD compared to controls (Figures 2, 3 ). In internal organs (brain, heart, intestine and muscle), the effect was not so progressive and a dramatic increase in apoptotic activity after exposure with 120 mM Glu was observed (Figures 4-7) . The strongest response occurred in the skin ( Figure 2 ) and secondarily in the gills ( Figure 3 ) and brain (Figure 4) (Figures 5-7) . Several organs showed also apoptotic response when the tadpoles were exposed to 60 mM Glu (Figures 2, 3 , 5-7).
When tadpoles were exposed to 0.015-0.75 mM KA, PCDs were observed in all the tissues (skin and gills for external organs, intestine and muscle for internal ones) whatever the concentration applied ( Figures  2-7) . The most significant effect was detected when tadpoles were exposed to 0.15 mM KA. Like with Glu exposure, the different organs did not react on the same way to the treatment: the number of Apostain-stained cells was 34 times larger than the control in the skin (Figure 2 ), 9 times in the gills (Figure 3 ), 18 times in the intestine (Figure 6 ), 69 times in the dorsal muscle (Figure 7) . The largest number of apoptotic cells was noticed in the skin and the gills (5757 cells/ /mm 2 and 1529 cells/mm 2 respectively) at 0.15 mM KA (Figures 2, 3) . It was only comprised between 100 and 200 in intestine and muscle respectively (Figures 6, 7 ).
Excitotoxicity and calpain immunoreactivity
In order to determine the basic level in the organs studied, calpain immunoreactivity was established . Effect of Glu (C) or KA exposure (D) on ubiquitous calpain immunoreactivity. An indirect immunofluorescence method was used and the mean ± S.E.M. fluorescence per pixel of each organ was determined (Nis element, Nikon). ANOVA followed by Dunett's test; P < 0.05,*significantly different with the control; n = 8 an increase of calpain immunoreactivity (Figures 2,  3, 5, 6 ). This increase was variable depending on to the treatment applied and the organ analysed. First, 30 mM Glu was the most appropriate dose for a change on calpain immunoreactivity. Second, regardless the organ, the increase of calpain 2 immunoreactivity was always larger compared to calpain 1 one. In gills and skin, only the calpain 2 immunoreactivity was affected by the Glu treatment; no significant variation of calpain 1 immunoreactivity was observed (Figures 2, 3) . In heart and intestine, immunoreactivity of both calpain 1 and calpain 2 fluctuated with the glutamate exposure ( Figures 5, 6) .
No significant fluctuation of calpain 1 immunoreactivity was observed in tadpoles exposed to KA (0.015-0.75 mM). The variations of calpain 2 immunoreactivity were important when tadpoles were exposed to 0.015 mM (Figures 2-7) .
Discussion
Previous studies showed that physiological PCD was observable at the onset of gastrulation (stage 10.5) in Xenopus laevis development [39, 42, 43] .
Throughout the entire development of Xenopus laevis, several waves of PCD have been visualised. A first one was observed at the onset of gastrulation, and depended on the maternal genes expressed at mid blastula transition (MBT). This first wave seemed to be related to the elimination of abnormal cells [42] . At gastrulation, a second wave of apoptotic cells was visualised in Xenopus laevis [39] . The first apoptotic cells of this wave were mainly observed around the blastopore. At the end of gastrulation, they were observed on the back of the embryo, underlining the future neural plate, and continued throughout neurulation. These cells would correspond to the differentiation of neural plate [39, 42] . Some comparable observations were also noted previously in the Japanese urodelans Cynops pyrhogaster [47] . This phenomenon involved the expression of several developmental genes such as Xotx2 or Xrx1 [48] . In X. laevis, Yeo and Gautier showed that PCD regulated the primary neural determination [49] . A third wave of apoptosis was then observed on late neurulation, when axons develop from maturating neurones. If the axons never attempt target cells, neurons become apoptotic. At this period, a combined action of several genes, some of them activator of PCD, the others inhibitor, acted on the construction of the future brain and spinal cord [42, [50] [51] [52] [53] [54] . During organ development (stages 35/36), several apoptotic cells were detected but PCDs were not numerous at the growth phase and especially at stage 48. During the growth period (stage 48) no massive cell death occurred, although some apoptotic cells corresponding to a normal physiology were counted in most of the organs observed [41, 42] suitable for study the toxicological-mediated apoptosis and the eventual involvement of calpain in this process. At metamorphosis, apoptosis were observed in developing and regressing organs more especially at stages 62/63 [41, 55] .
In the present study, we examined for the first time, as far as we know, the repercussion of calcium dysregulation induced by an overstimulation of iGluR, on PCD in an entire organism. The concentrations of Glu (30-120 mM) and KA (0.015-0.75 mM) used . Effect of Glu (C) or KA exposure (D) on ubiquitous calpain immunoreactivity. An indirect immunofluorescence method was used and the mean ± S.E.M. fluorescence per pixel of each organ was determined (Nis element, Nikon). ANOVA followed by Dunett's test; P < 0.05,*significantly different with the control; n = 8 in this work were adapted to analyse the toxicity of the molecules in tadpole organism because no lethal effect was induced. This toxicity involved GluRs. Different studies showed that the presence of GluRs was not restricted to the nervous system. These receptors could be found in peripheral tissues and they were particularly described in Xenopus laevis [6, 56, 57] . The iGluRs were precociously expressed during embryogenesis and they appeared to become functional before the growth period in Xenopus laevis [58] [59] [60] . So drugs such as Glu or KA can act on different tissues inducing toxicological effects.
Xenopus laevis tadpoles were incubated during 3 hours with Glu (30-120 mM) or KA (0.015-0.75 mM) and euthanisied 24 h latter. We observed PCDs triggered with Glu treatments and so, it was possible to establish a dose-response relationship. The number of apoptotic cells increased substantially for 60 mM Glu and considerably for 120 mM Glu. Responses to the administration of Glu are comparable from an organ to another, excepted for brain in which a lot of apoptotic cells were observed after application of an excess of Glu only. In the newborn rat retina also, an excess of Glu provokes an excess of apoptotic cells [61] . It is also possible that the different responses to Glu can be linked to the type of receptor activated or to the quantity of expressed glutamate receptors on the tissues. Experiments after KA exposure indicated www.fhc.viamedica.pl that apoptosis was induced with all doses tested and reached a peak with 0.15 mM KA in the majority of the organs examined, brain and heart excluded. The organs in direct contact with the molecules tested (i.e. skin and gills) appeared to be the most affected by Glu or KA treatment. These data confirmed that Glu and its analogues excessively stimulated the iGluRs. The excessive Glu or KA triggering massive calcium influx caused a cascade of biochemical processes which induced PCD.
Among these series of events, the activation of cysteine proteases appeared to be a key-step in the establishment of cell death. Among these proteases, calpains participated in both necrotic and apoptotic cell death, whereas caspases were especially activated only in apoptotic process [26, 33, 62] . Previous studies demonstrated that organs exposed to Glu or KA could undergo apoptosis or necrosis depending on intensity of exposure [63] . The increase of ubiquitous calpain was characterised in order to understand the role played by calpain in PCD accompanying the toxic effects of drugs. Previous studies showed that calpain 1 and calpain 2 were ubiquitously expressed from the first stages in X. laevis [44] . The results reported here show that 30 mM Glu generated a large increase of the calpain immunoreactivity, but this peak did not match up with the peak of apoptosis (120 mM Glu). The progress of the calpain 2 immunoreactivity was inversely proportional to apoptosis' one, except in the skin and gills. The results obtained after KA exposure were comparable because calpain immunoreactivity was maximal with 0.015 mM KA and apoptotic cell death with 0.15 mM KA. Therefore we observed that immunoreactivity of calpain 1 did not significantly fluctuate compared to that of calpain 2. These results suggested firstly that calpains were involved in the response to poisoning by Glu (or its analogues), secondly that their immunoreactivity did not increase when apoptosis occurred, and finally that their implication in the toxic cell damage differed according to the ubiquitous calpain considered.
Different studies focused on the physiological impact of calpain on the functions of ionotropic receptors in neurons, but no evidence occurred on GluR in peripheral tissues [28, [64] [65] [66] [67] . In this study we have shown that calpains could be negative regulators of the cell death depending on the magnitude of the applied stimulus. Effectively, when tadpoles were exposed with 30 mM Glu, the activated calpains, further to an input of Ca 2+ through NMDAR, split the GluRs. This proteolysis allowed limitation of calcium entrance by the ion channels and then prevented cells from death. This possible regulating effect of the cal- www.fhc.viamedica.pl pains was shown on different GluRs on neuronal level. It has been shown that the NR2 subunit subtypes, present in NMDARs and containing the Glu-binding site, were cleaved by calpains at their C-terminal regions [64] . In situ experiments with transfected cells have shown that calpains-generated N-terminal fragment was further degraded by other proteolytic mechanisms that reduced the functional NMDARs and permitted a protective cell death mechanism during excitotoxicity [14, 68] . The post-translational phosphorylation of NR2 subunits protects against calpains-mediated truncation of these NR2 subunits [69] . When the tadpoles were in contact with 120 mM Glu, Apoptosis was very important and the activation of calpains was lower than after intoxication with 30 mM Glu. In a recent work the activation of calpain (the name of calpain is not specified in the paper), has been observed after the administration of Glu into the rat striatum [70] . An effect of this activation was the cleavage of α-spectrin, a cytoskeletal protein involved in PCD. This response involved both NMDARs and non-NMDARs. In Xenopus laevis, it is also likely that AMPA receptors are involved in the activation of the ubiquitous calpain 2. Indeed, previous studies have shown that these receptors are present and functional in tadpoles [58] . PCDs were finally mainly induced by the activation of NMDAR but also by other factors independent of ionotropic receptors. In Amphibians, AMPA/Kainate receptors have been visualised in several species. In Xenopus laevis, GluR2 and GluR3, subunits of these receptors have been detected by immunohistochemistry in several organs during embryonic development [71] . In Rana esculenta and Bufo bufo, the presence of AMPA/kainate receptors, which are ionotropic receptors permeable to calcium, has been demonstrated with a technique based on the accumulation of cobalt in cells after the activation of receptors [58] . These receptors are present on all the organs of tadpoles [56, 71] .
When tadpoles were in contact with 0.015 mM KA, the Ca 2+ influx might occur via several pathways, including NMDAR, several types of Ca 2+ permeable non-NMDAR channels, or Na + /Ca 2+ exchangers [63, 72, 73] . The modification of calcium homeostasis was sufficient to increase the quantity of immunoreactive calpain in most of cell types.
Consequently to the activation of calpains after intoxication with Glu (30 mM) or KA (0.015 mM), a negative feedback reducing the activity of nonNMDARs and protecting the cells from toxicity was observed. Effectively the non-NMDARs were also substrates of calpain and their cleavage lead to a significant reduction in the number of functional channels on cell membranes allowing protection [65] .
It should be noted that the susceptibility of the nonNMDARs to calpain cleavage was dependent on the phosphorylation state of the subunits [66] . On the other hand, an exposition to 0.15 mM KA generated a high increase of apoptotic cell number compared with control cells, however without any increase of calpains' immunoreactivity. These results suggest therefore that the caspase pathway was preferred following an important intoxication by KA; calpains being not required for KA-mediated apoptosis. Finally, an exposition of tadpoles to 0.75 mM KA generated very likely PCD but mainly by necrosis, with calpains involvement. Calpain 2 is the main calpain involved in the Glu-or KA-induced cell death. Some of the organs did not react to intoxication by Glu or KA and they were not affected at the same degree by the same drugs. Moreover, it is likely that the number of GluRs on the surface of the organs was different [56] .
In the present study we have set out to characterise the role of calpains in response to GluRs activation in different organs of X. laevis tadpoles. We have shown that the intoxication of tadpoles by non-lethal doses of Glu or KA caused some variations of the quantity of ubiquitous calpains, mainly of calpain 2, and an increase of cell death. Calpains could be positive or negative regulators of the apoptosis, depending on the cleaved pro-or anti-apoptotic molecules. When the calpain-mediated protective mechanism is overridden by an excessive activation of pro-apoptotic molecules, the downstream cell death pathways will be triggered. So calpains and caspases are both activated during drug-induced apoptosis and calpains, along with caspases, may be involved in modulating cell death by acting selectively on cellular substrates. Calpains could also be a regulator of necrosis. By cleaving the glutamate receptors, the calpains appear to control the physiology and the functions of GluRs and consequently the toxicological effects of Glu or KA, provided the toxicology is not too high.
